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Abstract
Laser-induced damage in transparent dielectrics leads to the formation of laser-modified material
as a result of exposure to extreme localized temperatures and pressures. In this work, we used
an infrared thermal imaging system in combination with a fluorescence microscope to map the
dynamics of the local surface temperature and fluorescence intensity under cw, UV excitation of
laser-modified fused silica within a damage site. Based on a thermal diffusion model, we estimate
the energy deposited via linear absorption mechanisms and derive the absorption coefficient of
the modified material. In addition, irreversible changes in the absorption following extended laser
exposure were observed.
PACS numbers: 42.70.-a, 61.80.Ba, 78.20.Ci
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Laser-induced breakdown in the bulk of transparent dielectric materials creates extreme
conditions associated with the generation of high temperatures and pressures.1,2 In large
bandgap materials, such as fused silica (SiO2), laser intensities in excess of 10
12 W/cm2 are
required to achieve intrinsic breakdown.3 However, defects in the material can initiate local-
ized breakdown at more than two orders of magnitude lower intensities. This latter process
can lead to laser-induced damage (LID) and represents a major challenge in the manufac-
turing of optical materials for high power laser systems. The material directly exposed to
these extreme conditions is mechanically and structurally modified. The modifications are
in part manifested in the Raman scattering and photoluminescence spectra and are consis-
tent with material densification and the formation of various defects species.4–6 Moreover, as
recent studies in SiO2 have indicated, such changes are similar for laser-induced breakdown
created by either femtosecond or nanosecond pulses.7 It has been even proposed that the
photoluminescence of the modified material can be used for three-dimensional optical mem-
ory recording and reading.8 It is also possible that absorption by this modified material can
affect the performance of optoelectronic devices manufactured via laser micro-machining.9,10
In the case of optical components for high-power lasers, the presence of localized absorption
at LID sites can lead to additional damage under subsequent laser irradiation (commonly
referred to as damage growth).11 This is of critical importance in large-aperture laser sys-
tems where localized damage (on the order of a few tens of microns or less) will not inhibit
the operation of the laser but subsequent growth of these sites can significantly increase the
cost of operation. The layer thickness of modified material within LID sites in SiO2 formed
under nanosecond laser pulse irradiation has been estimated to ∼10 µm.12,13 Photothermal
microscopy has indicated the presence of absorption at such sites14 but, to the best of our
knowledge, there is no precise estimation of the linear absorption coefficient of this modified
material.
The objective of this work is to quantify the energy deposited within laser-modified fused
silica via linear absorption mechanisms. Our approach involves the use of an infrared ther-
mal imaging system to map, with adequate spatial and temporal resolution, the dynamics
of the local surface temperature of the sample under cw, UV excitation. An increase in tem-
perature may arise from energy dissipation through the non-radiative relaxation pathways
by the absorbing defects created within the modified material during a damage event. A
fluorescence microscope is concurrently used to image the same sites in order to also monitor
2
the radiative relaxation pathways.
Typical LID sites at the exit surface of a fused silica (Suprasil II) substrate were prepared
(in air, at room temperature) using 7-ns (FWHM), 355-nm laser pulses from a Q-switched
Nd:YAG laser system as follows: each site was initiated with one pulse at 20–30 J/cm2 and
subsequently grown to ∼500–800 µm in diameter using ten pulses at 10 J/cm2. A multi-line
(351–363 nm), cw Argon laser beam was centered and focused within a single damage site
(Gaussian beam profile with HW1/eM of 110 µm). A mid-IR (3–5 µm) imaging camera15
equipped with ×1 magnification optics was positioned behind the sample to directly image
its back surface to spatially resolve changes in the surface temperature prior to, during and
after laser irradiation. The temperature calibration of the IR camera was performed for
each acquisition configuration (frame rate and size, integration time) using a black body
radiation source to derive the relative emissivity curve for our sample. In addition, we
used a thermo-couple device to directly measure the temperature of the IR-imaged sample
while it was heated from 20 to 60 ◦C. The two calibration methods were in good agreement
over this temperature range. In addition to monitoring the temperature, we also captured
the fluorescence signal originating at LID sites during UV excitation using a fluorescence
microscope placed in front of the sample, opposite to the IR camera. A schematic of the
experimental setup is shown in Fig. 1 (top) along with typical fluorescence [Fig. 1(a)] and
thermal images of one LID site [Figs. 1(b) and 1(c), prior to and during laser irradiation,
respectively]. It is worth noting that the damage site is visible in Fig. 1(a) even without
laser illumination due to perhaps its larger surface area compared to that of a pristine SiO2
surface.
Real time thermal imaging confirmed that, following the onset of laser irradiation, a
temperature gradient is rapidly established throughout the substrate due to diffusion of
energy deposited within the modified material. Experiments were performed in two different
irradiation configurations, either short or extended exposure to UV laser beam with constant
power.
In the short laser exposure regime, the sample was irradiated for few seconds. In order
to adequately resolve the temperature rise and fall when the laser is turned ON and OFF,
respectively, maximum spatial resolution thermal maps were sequentially acquired at a high
rate of 100 frames/sec with 0.5 msec integration time over 12 seconds including prior to,
during and after the laser exposure (i.e., a total 1200-frame movie). The local surface
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temperature at various locations surrounding the damage site can then be extracted from
individual frames and plotted as a function of time. As an example, Fig. 2 illustrates
the measured temperature change at the center, 0.5 mm and 1.75 mm away from the LID
site (locations 1, 2 and 3 in the inset thermal image, respectively) upon constant, 2.6-W
irradiation. The temperature values represent averages over 4 pixels (2×2, or 100 µm2) at
these locations.
In order to derive the fraction of the incident energy that is deposited within the LID site
following cw laser excitation and estimate the linear absorption coefficient of the modified
material, we use a thermal diffusion model to fit the kinetics of the local surface temper-
ature. A 2-D, radially axi-symmetric numerical model was constructed based on implicit
time integration with a variable time step, a graded mesh in both r- and z- directions and a
Gaussian heat source profile (HW1/eM of 200 µm to account for scattering-induced broad-
ening of the illumination beam profile) with exponential absorption. The solid lines in Fig.
2 represent the best fits to the data, assuming a 500 µm diameter LID site and a uniform
absorption coefficient of the modified material within the site of 96±3 m−1 over a depth of
5 µm (i.e., 0.048% absorption).12 The same experiment and numerical fitting of the data
were repeated at five different LID sites and revealed values of the absorption coefficient of
laser-modified material in the range 50–150 m−1. The spread in the values of the estimated
absorption can be understood in terms of site-to-site variation in damage morphology as
well as uncertainty in the depth of the absorption layer of modified material.
The numerical model described above can be used to predict the increase in temperature
at the LID site under nanosecond, pulsed excitation assuming linear absorption at ICF laser
fluences. This issue relates to the amount of damage growth upon subsequent laser exposure.
Namely, if we consider an average UV linear absorption coefficient of the modified material of
100 m−1 and a 10-J/cm2, 10-ns incident laser pulse at 355 nm (Gaussian spatial beam profile
with FHW1/eM of 500 µm), the model predicts an upper bound on the induced temperature
rise at the LID site of ∼3 ◦C. This value is significantly lower than what is required (on the
order of ∼1000 ◦C or higher) to attribute the damage growth process entirely to uniform
linear absorption in a modified layer of ∼10 µm (leading to excessive heating of the material
and subsequent dramatic change in its absorption characteristics). It is natural to think that
absorption in the damaged material may be more localized and/or that nonlinear absorption
mechanisms may be involved.
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The second irradiation regime involved the ‘saturation’ of the modified material within a
site under constant UV laser illumination for an extended period of time (15 mins). During
this time, a more significant heating of the entire sample was achieved. Simultaneously, the
fluorescence microscope revealed a decrease in the fluorescence intensity originating at the
damage site versus time. At the end of the ‘saturation’ period, the laser was turned off and
the ‘relaxation’ of the sample’s surface temperature back to room temperature was observed.
In this irradiation regime, we have acquired thermal and fluorescence maps of previously
non-irradiated LID sites approximately once every minute up to one hour (including both
‘saturation’ and ‘relaxation’ periods) with 0.5 msec integration time. During the ‘relaxation’
period, the laser was briefly turned on to acquire fluorescence images.
Figure 3 illustrates the average temperature and fluorescence intensity extracted from the
corresponding maps of a fresh LID site both during and after a 15-min UV irradiation (at 2.7
W). For better signal-to-noise ratio, the signals were spatially integrated over the extent of
the damage site hence the apparent slower dynamics as compared to that illustrated in Fig. 2
for short laser exposure regime. We note from Fig. 3 that i) during ‘saturation’, the average
surface temperature increases by ∼1.5 ◦C while the fluorescence signal rapidly decreases to
∼20% of its value prior to irradiation, and ii) after the laser is turned OFF, within 15 mins,
the surface temperature at the site relaxes back to room temperature but the fluorescence
signal remains low. The later is true even after one day, suggesting that extended UV
laser exposure induces irreversible photochemical reactions that in turn lead to significantly
lower absorption within the modified material. This assumption was verified by performing
short laser exposure experiments (few seconds) at previously non-irradiated damage sites to
measure the transient surface temperature both prior to and after extended UV irradiation.
Indeed, these tests confirmed that the maximum temperature rise at LID sites following the
‘saturation’ and ‘relaxation’ periods is also reduced to ∼20% of its value prior to irradiation,
consistent with a reduced absorption within the modified material (results are not shown
here). This effect may be related to previous studies where it has been suggested that thermal
annealing of fused silica leads to passivation of the defects associated with photoluminescence
at optically produced damage sites.16,17 Similarly, a reduction in the nonlinear absorption at
damage sites has been reported following prolonged exposure to pulsed laser radiation.18 It
is not clear whether or not the same absorbing defect species and/or absorption mechanisms
are involved in these processes.
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List of Figure Captions
FIG. 1: Thermal and fluorescence imaging experimental setup. Surface damage sites on a SiO2
substrate were imaged prior to, during and after cw UV laser irradiation. A fluorescence image of
a representative LID site is illustrated in (a) while thermal maps of the same site are shown in (b)
and (c) (with laser OFF and ON, respectively).
FIG. 2: Change in surface temperature prior to, during and after a short UV laser irradiation (at
2.6 W) of the modified material within a typical LID site at three different locations (labelled 1,
2 and 3 in the inset thermal image with laser ON). The solid lines represent numerical fits to the
data based on a thermal diffusion model with the parameters described in the text.
FIG. 3: Average temperature and integrated fluorescence at a typical LID site during and after an
extended, 15-min UV laser irradiation at 2.7 W (SATURATION and RELAXATION, respectively).
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Figure 3. R. A. Negres et al.
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